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1. INTRODUCTION 

The d i r e c t  c o n v e r s i o n  o t  methane t o  h i g h e r  hydrocarbons  such  a s  e t h y l e n e  i s  
c u r r e n t l y  a v e r y  a c t i v e  r e s e a r c h  a r e a .  O l e f i n s  a r e  of p a r t i c u l a r  impor tance  as t h e y  
r e p r e s e n t  i n t e r m e d i a t e s  s u i t a b l e  f o r  o l i p o m e r i s a t i o n  t o  t r a n s p o r t  f u e l s .  J o n e s  e t  
a l .  ( I )  r e c e n t l y  reviewed t h e  p o t e n t i a l  f o r  methane c o n v e r s i o n  and d e s c r i b e d  r e s u l t s  
u s i n g  Mn-based redox t y p e  c a t a l y s t s  ' i n  bo th  c y c l i c a l  ( u s i n g  a i r  and methane 
a l t e r n a t e l y )  and c o n t i n u o u s  r e a c t o r s .  Bytyn and Baerns ( 2 )  r e p o r t e d  t h e  a c t i v i t y  of 
PbO-based c a t a l y s t s  and concluded  t h a t  t h e  a c i d i t y  of t h e  s u r f a c e  i n f l u e n c e s  t h e  
r e a c t i o n  pathway, w i t h  h i g h  a c i d i t y  r e s u l t i n g  i n  poor s e l e c t i v i t y  t o  t h e  d e s i r e d  
hydrocarbons .  Otsuka e t  a l .  ( 3 , 4 )  d e s c r i b e d  r e s u l t s  f o r  a v a r i e t y  of c a t a l y s t s  
i n c l u d i n g  rare e a r t h s ,  t r a n s i t i o n  m e t a l  e l e m e n t s ,  a l k a l i  and a l k a l i n e  e a r t h  
compounds and h a l i d e  doped mixtures .  Lunsford  e t  a l .  ( 5 , 6 )  were t h e  f i r s t  to r e p o r t  
t h e  use  of a Li-doped magnesia and p o s t u l a t e  t h a t  methane a c t i v a t i o n  o c c u r r e d  a t  
[Li'O-] c e n t r e s .  T h i s  c a t a l y s t  i s  n o t a b l e  i n  t h a t  i t  does  n o t  c o n t a i n  meta l  i o n s  of 
v a r i a b l e  o x i d a t i o n  s t a t e  and t h e  a c t i v e  s p e c i e s  i s  t h o u g h t  t o  i n v o l v e  t h e  an ion .  A 
remarkable  f e a t u r e  of t h e  p u b l i s h e d  d a t a  is t h e  v a r i e t y  of s u r f a c e s  t h a t  promote t h e  
r e a c t i o n  and t h e  s i m i l a r i t y  of many of t h e  r e p o r t e d  product  d i s t r i b u t i o n s .  T h i s  
s u g g e s t s  t h a t  a f t e r  t h e  i n i t i a t i o n  s t e p  t h e  hydrocarbon b u i l d i n g  s t e p s  p r o b a b l y  
OCCUK v i a  ,a g a s  phase mechanism ( 1 ) .  

The p r e s e n t  paper  r e p o r t s  r e s u l t s  o b t a i n e d  u s i n g  a Li/MgO c a t a l y s t  w i t h  CH4/02 
m i x t u r e s  and d e s c r i b e s  t h e  i n f l u e n c e  of c o n t a c t  t i m e  and oxygen c o n c e n t r a t i o n  on 
r e a c t i o n  r a t e  and p r o d u c t  s e l e c t i v i t i e s .  I m p l i c a t i o n s  f o r  t h e  r e a c t i o n  mechanism 
a r e  a l s o  d i s c u s s e d .  

2. EXPERIMENTAL 

C a t a l y s t s  were p r e p a r e d  by p r o c e d u r e s  s i m i l a r  t o  t h o s e  d e s c r i b e d  by I t o  and Lunsford  
( 5 )  and c a l c i n e d  i n  a i r  a t  850°C b e f o r e  use. I n i t i a l  L i  l o a d i n g s  were e q u i v a l e n t  t o  
a Li/Mg a t o m i c  r a t i o  of 0.511. However s u b s e q u e n t  a n a l y s i s  showed s u b s t a n t i a l  loss 
on f i r i n g  and t o  some e x t e n t  d u r i n g  r e a c t i o n .  

Exper iments  were conducted  u s i n g  q u a r t z  or  a lumina  f ixed-bed  r e a c t o r s  and a 
c o n t i n u o u s  f l o w  of f e e d  gas .  Pseudo-contact t i m e s  (W/F) e q u i v a l e n t  t o  t h e  w e i g h t  o f  
c a t a l y s t  ( 9 )  d i v i d e d  by t h e  f e e d  g a s  f l o w r a t e  a t  o p e r a t i n g  c o n d i t i o n s  (ml s- ' )  were 
v a r i e d  i n  t h e  range  0.01 t o  2. Tempera tures  were i n  t h e  range  550 t o  850°C. Exit 
g a s  a n a l y s i s  was performed by g a s  chromatography ( h y d r o c a r b o n s )  and c o n t i n u o u s  g a s  
a n a l y s e r s  (CO, C02 and 0 2 ) .  
o u t  e n a b l i n g  oxygen b a l a n c e s  t o  be d e t e r m i n e d  ( u s u a l l y  100 f 5%) and hydrogen  y i e l d s  
t o  be c a l c u l a t e d  from a hydrogen ba lance .  
a n a l y s i s  was o b t a i n e d  i n  s e l e c t e d  exper iments .  

I n  some e x p e r i m e n t s  water a n a l y s e s  were a l s o  c a r r i e d  

Conf i rmat ion  of hydrogen y i e l d s  b y  

3. RESULTS AND DISCUSSION 
3.1 R e a c t i o n  r a t e s  

F i g u r e  1 shows t h e  dependence  of t h e  methane c o n v e r s i o n  r a t e  ( m o l  CH4 min-l  g - l  
c a t a l y s t )  on t h e  pseudo-contac t  t i m e  (W/F) f o r  a range  of  O2 c o n c e n t r a t i o n s  u s i n g  
17.3 g Of c a t a l y s t  a t  770°C. 
a t  90% and t h e  oxygen c o n c e n t r a t i o n  was Var ied  between 1 and 9.4% w i t h  t h e  b a l a n c e  
b e i n g  n i t r o g e n .  

AS e x p e c t e d ,  t h e  methane c o n v e r s i o n  r a t e  i n c r e a s e d  a s  t h e  l e v e l  of oxygen i n  t h e  
f e e d  g a s  i n c r e a s e d .  However, f o r  e a c h  oxygen l e v e l  t h e r e  was a marked d e c l i n e  i n  
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methane c o n v e r s i o n  r a t e  as t h e  c o n t a c t  t i m e  i n c r e a s e d  (i.e. a s  t h e  g a s  v e l o c i t y  
through t h e  r e a c t o r  d e c r e a s e d ) .  The p o s s i b i l i t y  t h a t  t h i s  e f f e c t  was caused  by 
l i m i t a t i o n s  i n  t h e  mass t r a n s f e r  of r e a c t a n t s  a c r o s s  t h e  boundary l a y e r  t o  t h e  
e x t e r n a l  s u r f a c e  o f  t h e  c a t a l y s t  was checked u s i n g  s t a n d a r d  c a l c u l a t i o n  p r o c e d u r e s  
( 7 ) .  In  a l l  c a s e s  t h e  r e a c t o r  was found t o  be o p e r a t i n g  w e l l  o u t s i d e  t h e  regime 
where e x t e r n a l  mass t r a n s f e r  l i m i t a t i o n s  apply .  Presumably t h e  observed  d e c l i n e  i n  
methane c o n v e r s i o n  r a t e  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  r e s u l t s  f rom o p e r a t i n g  t h e  
r e a c t o r  i n  a n  i n t e g r a l  mode where t h e  v a r i a t i o n  i n  W/F r e s u l t s  i n  d i f f e r e n t  a v e r a g e  
r e a c t a n t  and p r o d u c t  c o n c e n t r a t i o n s  and hence d i f f e r e n t  r e a c t i o n  r a t e s .  The 
p o s s i b i l i t y  of r a t e  s u p p r e s s i o n  by one o r  more of t h e  p r o d u c t s  r e d u c i n g  c a t a l y s t  
a c t i v i t y  must a l s o  be c o n s i d e r e d .  

3.2 

Methane c o n v e r s i o n  ( p e r c e n t a g e  of i n p u t  methane c o n v e r t e d  t o  p r o d u c t s ) ,  oxygen 
consumption ( p e r c e n t a g e  of i n p u t  OZ,consumed) and p r o d u c t  s e l e c t i v i t y  (amount of 
i n p u t  methane c o n v e r t e d  t o  a s p e c i t i c  p r o d u c t  a s  a p e r c e n t a g e  of t o t a l  methane 
c o n v e r t e d )  f o r  f e e d  g a s e s  c o n t a i n i n g  1.1 and 9.4% O2 a r e  i l l u s t r a t e d  i n  Fig. 2 a s  a 
f u n c t i o n  of W/F. A t  t h e  lower O2 c o n c e n t r a t i o n  ( F i g .  2a) ,  t o t a l  0 consumption was  
achieved  at  t h e  l o n g e s t  c o n t a c t  t i m e  when CH4 c o n v e r s i o n  reached  32. 
hydrocarbons  was v e r y  h i g h  at  94% f o r  W/F = 0.3, of which 91% corresponded t o  C2 
hydrocarbons  and 3% C3 h y d r o c a r b o n s ,  p r i n c i p a l l y  propane. 
hydrocarbon s e l e c t i v i t y  was s t i l l  h i g h  a t  93% w i t h  C3's i n c r e a s i n g  t o  5% and 
c o n s i s t i n g  p r i n c i p a l l y  of  p r o p y l e n e .  I n c r e a s i n g  c o n t a c t  t ime r e s u l t e d  i n  a n  
i n c r e a s i n g  c o n v e r s i o n  t o  e t h y l e n e  w i t h  a c o r r e s p o n d i n g  d e c r e a s e  i n  e t h a n e .  Carbon 
d i o x i d e  was t h e  dominanc c a r b o n  o x i d e  product .  

With 9.4% O2 i n  t h e  f e e d  g a s  ( F i g .  2b) t h e  s e l e c t i v i t y  t o  hydrocarbons  showed a 
s t r o n g  dependence  on c o n t a c t  t ime,  d e c l i n i n g  from 85% a t  W/F = 0.3 t o  76% a t  1.5. 
C3 hydrocarbons ,  m a i n l y  p r o p y l e n e ,  reached 6% a t  t h e  l o n g e r  r e a c t i o n  times. The 
loss i n  h y d r o c a r b o n  s e l e c t i v i t y  a p p e a r s  t o  be due  t o  an i n c r e a s i n g  c o n t r i b u t i o n  f r o m  
secondary  r e a c t i o n s  i n  t h e  p r e s e n c e  of a h i g h e r  O2 c o n c e n t r a t i o n  and is  r e f l e c t e d  i n  
i n c r e a s i n g  s e l e c t i v i t y  t o  c a r b o n  o x i d e s .  T h i s  is  accompanied by a n  i n c r e a s e d  
p r o d u c t i o n  of e t h y l e n e  and d e c l i n e  i n  e thane .  

Minor y i e l d s  of o t h e r  h y d r o c a r b o n s  were observed ,  i n c l u d i n g  butenes ,  b u t a d i e n e  a n d ,  
a t  h i g h e r  t e m p e r a t u r e s ,  benzene, t o l u e n e  and a c e t y l e n e .  These p r o d u c t s  a l l  
d e m o n s t r a t e  an i n c r e a s i n g  c o n t r i b u t i o n  from s e c o n d a r y  g a s  phase  r e a c t i o n s  a s  
o p e r a t i n g  c o n d i t i o n s  became more s e v e r e .  
s t ream i n  amounts e q u i v a l e n t  t o  a b o u t  15% of t h e  hydrogen l i b e r a t e d  by t h e  methane 
c o n v e r s i o n  and also depended upon r e a c t i o n  s e v e r i t y .  
p y r o l y s i s  of e t h a n e  t o  e t h y l e n e  or p o s s i b l y  by d e c o m p o s i t i o n  of r e a c t i o n  
i n t e r m e d i a t e s  s u c h  as formaldehyde. 

The dependence of CH4 c o n v e r s i o n ,  O2 consumption and p r o d u c t  s e l e c t i v i t y  on 0 
c o n c e n t r a t i o n  i n  t h e  f e e d  g a s  is summarised i n  Fig.  3 f o r  a f i x e d  W/F v a l u e  o$ 
1.5. 
t h e  f e e d  g a s  (CH4 c o n s t a n t  a t  90%) accompanied by i n c r e a s i n g  f o r m a t i o n  of c a r b o n  
oxides.  
whereas e t h y l e n e  i n c r e a s e d  and e v e n t u a l l y  reached  a p l a t e a u  of 42%. 
e x p e r i m e n t s  where  t o t a l  02 consumption was achieved ,  e t h y l e n e  s e l e c t i v i t y  reached a 
maximum and t h e n  d e c l i n e d  w i t h  i n c r e a s i n g  c o n t a c t  t i m e  s u g g e s t i n g  t h a t  secondary ,  
undes i red  p r o d u c t i o n  of c a r b o n  o x i d e s  a d v e r s e l y  a f f e c t e d  e t h y l e n e  p r o d u c t i o n .  O2 
consumption showed a small d e c r e a s e  wi th  i n c r e a s i n g  O2 c o n t e n t  whereas  CH,+ 
c o n v e r s i o n  i n c r e a s e d  markedly ,  r e a c h i n g  11% w i t h  9.4% O2 i n  t h e  f e e d  gas .  

Methane c o n v e r s i o n  and p r o d u c t  s e l e c t i v i t y  

S e l e c t i v i t y  t o  

A t  t o t a l  O2 consumpt ion ,  

Hydrogen was also observed  i n  t h e  p r o d u c t  

Hydrogen c o u l d  a r i s e  by 

Hydrocarbon s e l e c t i v i t y  d e c l i n e d  l i n e a r l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  i n  

Ethane  s e l e c t i v i t y  d e c l i n e d  r a p i d l y  w i t h  i n c r e a s i n g  O2 c o n c e n t r a t i o n  
I n  o t h e r  

3.3 R e a c t i o n  s e q u e n c e  

I t o  e t  a l .  ( 5 , 6 )  proposed  t h a t  t h e  i n i t i a l  s t e p  i n  t h e  c a t a l y t i c  c o n v e r s i o n  was t h e  
format ion  of a m e t h y l  r a d i c a l  by hydrogen a b s t r a c t i o n  from a methane molecule  at a 
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t h e r m a l l y  g e n e r a t e d  [Li+O-] s i t e .  
t h e  s u r f a c e  O K  i n  t h e  g a s  phase produced e t h a n e .  E t h y l e n e  was thought  t o  a r i s e  from 
p a r t i a l  o x i d a t i o n  o r  p y r o l y s i s  r e a c t i o n s  of e t h a n e .  Carbon o x i d e s  a r o s e  from e i t h e r  
o x i d a t i o n  of methyl r a d i c a l s  or f u r t h e r  o x i d a t i o n  of C2 p r o d u c t s .  

I n  a n  a t t e m p t  t o  c l a r i f y  t h e  r e a c t i o n  sequence ,  e x p e r i m e n t s  were conducted  a t  s h o r t  
pseudo-contac t  times u s i n g  a s m a l l  c a t a l y s t  bed (c0.5 g )  i n  o r d e r  t o  examine t h e  
p r o d u c t  d i s t r i b u t i o n  a t  low e x t e n t s  of r e a c t i o n .  F i g u r e  4 shows t h e  dependence  on  
t e m p e r a t u r e  of CH4 c o n v e r s i o n ,  0 
of 0.05 u s i n g  a 50% CH4/5% 02/452 He  f e e d  g a s  m i x t u r e .  
below about  700OC CH4 c o n v e r s i o n  and O2 consumpt ion  were low, C2 hydrocarbon 
s e l e c t i v i t y  was also low and carbon o x i d e s  were t h e  major p r o d u c t s  below a b o u t  
650-C. I n c r e a s i n g  t h e  t e m p e r a t u r e  r e s u l t e d  i n  i n c r e a s i n g  C p  s e l e c t i v i t y ,  which 
reached  a broad  maximum of 75% between 750 and 800°C. Below 650°C e t h a n e  was t h e  
o n l y  hydrocarbon s p e c i e s ,  w i t h  s e l e c t i v i t y  t o  e t h y l e n e  i n c r e a s i n g  a t  h i g h e r  
t e m p e r a t u r e s .  These d a t a  s u g g e s t  t h a t ,  a t  l e a s t  i n  t h e  e a r l y  s t a g e s  of  t h e  
r e a c t i o n ,  e t h a n e  and c a r b o n  o x i d e s  a r e  formed by p a r a l l e l  r a t h e r  t h a n  s e q u e n t i a l  
r e a c t i o n s .  The r e a c t i o n s  i n v o l v e d  must have d i f f e r e n t  a c t i v a t i o n  e n e r g i e s ,  
r e s u l t i n g  i n  a changing  p r o d u c t  d i s t r i b u t i o n  w i t h  i n c r e a s i n g  tempera ture .  

F u r t h e r  e v i d e n c e  i n  f a v o u r  of t h i s  r e a c t i o n  sequence  is  d e p i c t e d  i n  F i g u r e  5. These  
d a t a  were d e r i v e d  a t  s h o r t  r e s i d e n c e  times (W/F = 0.01-0.1) w i t h  a f e e d  g a s  
c o n s i s t i n g  of 95% CHq/5% 02. 
methane c o n v e r s i o n ,  and t h e  d iagram i n c l u d e s  a c u r v e  r e p r e s e n t i n g  O 2  consumption. 
A t  t h e  h i g h e r  c o n v e r s i o n s  C2 s e l e c t i v i t y  s t a r t e d  t o  d e c l i n e  and c a r b o n  o x i d e s  t o  
i n c r e a s e  owing t o  s e c o n d a r y  o x i d a t i o n  a s  t h e  oxygen consumption approached  100%. 
However, e x t r a p o l a t i o n  of t h e  s e l e c t i v i t i e s  back  t o  z e r o  c o n v e r s i o n  p r o v i d e s  
e v i d e n c e  of t h e  pr imary  r e a c t i o n  p r o d u c t s  w i t h o u t  c o n t r i b u t i o n  from s e c o n d a r y  
p r o c e s s e s .  I n  t h i s  example and i n  a l l  o t h e r  e x p e r i m e n t s  o n l y  e t h a n e  and c a r b o n  
o x i d e s  formed i n t e r c e p t s .  
z e r o  a t  z e r o  CH4 c o n v e r s i o n  i n d i c a t i n g  t h a t  t h e s e  p r o d u c t s  a r i s e  from s e c o n d a r y  
r e a c t i o n s  of e t h a n e .  The i n c r e a s e  i n  carbon o x i d e s  at  h i g h e r  c o n v e r s i o n  must be 
a s s o c i a t e d  w i t h  f u r t h e r  o x i d a t i o n  of product  hydrocarbons .  

The s i m u l t a n e o u s  f o r m a t i o n  of e t h a n e  and carbon o x i d e s  a g a i n  s u g g e s t s  t h a t  i n  t h e  
e a r l y  s t a g e s  of t h e  r e a c t i o n  t h e s e  p r o d u c t s  a r i s e  from p a r a l l e l  r a t h e r  t h a n  
s e q u e n t i a l  r e a c t i o n s .  T h e r e  is  t h u s  no d i r e c t  r o u t e  t o  e t h y l e n e .  These s o - c a l l e d  
' p r i m a r y  s e l e c t i v i t i e s '  at z e r o  c o n v e r s i o n  a r e  c o n s i d e r e d  t o  be a n  i n t r i n s i c  
p r o p e r t y  of t h e  c a t a l y s t  and a s  such  provide  a u s e f u l  means of comparing t h e  
per formance  of d i f f e r e n t  c a t a l y s t s .  

Recombination of two methyl  r a d i c a l s  e i t h e r  on 

consumpt ion  and p r o d u c t  s e l e c t i v i t y  a t  a f i x e d  W/F 
C l e a r l y  a t  t e m p e r a t u r e s  

Product  s e l e c t i v i t i e s  are shown a s  a f u n c t i o n  of 

E t h y l e n e  and Cg hydrocarbon s e l e c t i v i t i e s  e x t r a p o l a t e  t o  

CONCLUSIONS 

P r o d u c t  s e l e c t i v i t y  from t h e  c a t a l y t i c  p a r t i a l  o x i d a t i o n  of methane o v e r  a Li/E.lgO 
c a t a l y s t  is  v e r y  dependent  on c o n t a c t  t i m e ,  O 2  c o n c e n t r a t i o n  and t e m p e r a t u r e .  
h i g h  s e l e c t i v i t i e s  t o  hydrocarbons  (>go%) c a n  be  a c h i e v e d  provided  h i g h  CH4;02 
ratios 0 5 0 : l )  a r e  used. The r e a c t i o n  sequence  i n v o l v e s  t h e  i n i t i a l  f o r m a t i o n  o f  
e t h a n e  and c a r b o n  o x i d e s  v i a  p a r a l l e l  r e a c t i o n s .  
e t h y l e n e ,  which a r i s e s  from secondary  r e a c t i o n s  of e t h a n e .  

Very 

There  i s  no d i r e c t  r o u t e  t o  
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Influence of pseudo-contact time and oxygen level in feed gas on 
methane conversion rate at 770°C (feed gas 90% mHS) 
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Figure 2 .  Influence of pSeudO-COntact time on methane conversion, oxygen 
consumption and product s e l e c t i v i t i e s  a t  770°C. (a )  Feed gas 1.1% 02, 
90% C H 4 .  (b) Feed gas 9 .4% 02. 90% CH4 

100 Ot------O 

Figure 3. Influence of oxygen l e v e l  i n  
feed gas on methane conversion, 
oxygen consumption and product 
s e l e c t i v i t i e s  a t  770°C (W/F = 
1.5 g ml- ls)  02 IN FEED GASIvol%l 
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Figure 4 .  Eftecc of temperature on methane conversion, oxygen consumption and 
product selectivity (feed gas 50% CH4, 5% 02) 
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Figure 5. Variation of product selectivity and oxygen consumption with methane 
conversion at 750°C (feed gas 95% CH4, 5% 02) 
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